Droplet microfluidics has emerged as a powerful technology for fast and sensitive analytical analysis on-chip. Typically, water-in-oil droplets are generated where one major application of the technology is to use the droplets as individual reaction chambers for bead-and cell-based assays.
1,2 Monodisperse droplets can be generated at high frequency, and the technology has several other advantages such as fast and controlled reaction times and reduced cost due to the small amount of samples and reagents required for each analysis compared with standard methods. Examples of applications include single-cell analysis, 3,4 droplet PCR (polymerase chain reaction), 5, 6 and high throughput assays. 7, 8 In many applications, the precise control of the individual droplets and the content inside the droplets is required. 9 For this purpose, unit-operators to sort, 10, 11 trap, 12, 13 and manipulate particles inside droplets [14] [15] [16] [17] [18] [19] [20] have been developed. Manipulation of particles encapsulated inside droplets is of high interest since it can be used for numerous applications such as particle enrichment and washing. Recently, several methods to control the position of particles inside droplets have been reported including acoustophoresis, 14, 15 dielectrophoresis, 16 magnetophoresis, 17, 18 and methods relying on sedimentation and the hydrodynamic flow patterns inside the droplets. 19, 20 However, methods to separate one particle species from another encapsulated in the same droplet are still missing. Here, we have developed such a technology by combining an acoustic particle manipulation step with a droplet splitter to separate particles based on the material properties (the acoustic contrast factor).
During the last few years, acoustic particle manipulation (acoustophoresis) has been used to focus, concentrate, and separate particles in various one-phase microfluidic systems, [21] [22] [23] and recently, acoustics has also been implemented in two-phase systems to sort whole droplets and to manipulate particles inside droplets. 11, 14, 15, 24, 25 Particles in an acoustic standing wave-field will experience an acoustic radiation force (F rad ), and the force on a particle in a 1-dimensional k/2-standing wave-field is described by
where U is the acoustic contrast factor, k is the wavenumber (k ¼ 2p=k), a is the radius of the particle, k is the wavelength of the sound, E ac is the acoustic energy density, y is the distance from the wall, q p and q 0 are the densities of the particle and the fluid, and j p and j 0 are the compressibilities of the particle and the fluid. 26 As seen in Eq. (1), the direction of the acoustic force on the particle depends on the sign of the acoustic contrast factor. A particle with positive acoustic contrast is moved to the pressure node, while a particle with negative acoustic contrast is moved to the pressure anti-nodes (Fig. 1 ). Cells and most common microparticles used in bead-based assays such as polystyrene, glass, and silica particles all have a positive acoustic contrast factor in water. However, there are a few natural occurring examples of negative acoustic contrast particles such as fat particles in Published by AIP Publishing. 112, 063701-1 milk and lipid particles in human blood. 21, 27 In addition, researchers have synthesized particles in special materials that exhibit negative acoustic contrast in water such as polymershelled gas bubbles 28 and particles made of PDMS (polydimethylsiloxane). 29 For our study, standard polystyrene particles were used as positive acoustic contrast particles and PDMS particles were synthesized and used as negative acoustic contrast particles. PDMS particles were used as negative acoustic contrast particles since in future applications, these particles can be easily surface-functionalized to enable separation of bioparticles. 30 However, surface-functionalizing of PDMS particles is outside the scope of this paper where we show the proof-of-principle of separation of two particle species inside droplets.
The microfluidic system is shown in Figs. 2(a) and 2(b). The channels were etched on a silicon wafer using deep reactive-ion etching and sealed with a glass lid using anodic bonding. The height of all channels was 100 lm, and the main channel was 380 lm wide which gives a k/2-resonance close to 2 MHz. The droplet splitter consisted of a trifurcation where the side outlet channels were angled 20 with respect to the main channel, and the width of these channels was 117 lm. The channels were hydrophobic surface-coated using silane (Repel-Silane ES, GE Healthcare). A 1 mm thick piezoelectric transducer (PZT26, Ferroperm or APC-840, APC International) having fundamental resonance at 2 MHz was glued to the chip.
The transducer was actuated by an AC-signal, and the voltage over the transducer was 22 V peak-peak and the frequency was 1.83-1.85 MHz. To generate droplets, the incoming fluid phases were controlled by two syringe pumps (NEMESYS, Cetoni) operated in the continuous injection mode. The continuous phase was olive oil (Di Luca & Di Luca), and the disperse phase was water containing microparticles (polystyrene particles and/or PDMS particles).
To control the droplet splitting, the flow rates in the side outlets were set by one common syringe pump (NEMESYS, Cetoni) operated in the withdrawal mode while the center channel outlet was connected directly to an open container. The total flow rate was 2-3 ll/min in all experiments except for the video in the supplementary material. Images of the experiments were acquired using a camera (XM10, Olympus) mounted on an optical microscope (BX51W1, Olympus).
The key feature in this work is separation of two particle species into individual daughter droplets based on the material properties of the particles. To demonstrate this concept, polystyrene particles (10 lm diameter, Sigma-Aldrich) were used along with PDMS particles. The PDMS particles were prepared according to a similar protocol as described by Choi et al. 31 First, PDMS (Sylgard 184, Dow Corning) was mixed in a 10:1 ratio and then degassed. Two plastic syringes (5 ml, Henke Saas Wolf) with syringe needles (18 G blunt fill needle, Becton Dickinson) were connected to each other via a piece of silicone tubing (228-0701, VWR). One of the syringes was filled with 4 ml water and the other syringe was filled with 0.4 ml PDMS. The pistons were manually pushed back-and-forth 5 times to create a PDMS-water emulsion. The resulting emulsion was then ejected into a bottle with 10 ml water placed on a heating plate (74 C) under constant stirring. To ensure that all PDMS particles had cross-linked completely, the bottle was kept on the heating plate for 1 h. In Fig. 3 , a photograph of the PDMS particles is shown, and as seen in the photograph, the synthesized PDMS particles are highly spherical and have a wide size distribution. In applications where a narrow particle size distribution is wanted, size-fractionation using, for example, centrifugation can be employed. 30 However, in this study, we wanted to evaluate the acoustophoretic manipulation of a large range of particle sizes, and thus, no size-fractionation was performed.
To characterize the system, water droplets containing polystyrene particles and/or PDMS particles were generated. In the first experiment, only polystyrene particles were encapsulated inside the droplets. Without the ultrasound, the polystyrene particles were positioned in the entire droplet [ Fig. 4(a) ], and when the ultrasound was applied at the fundamental resonance frequency, the polystyrene particles were focused to the center of the droplet [ Fig. 4(b) ]. In the second experiment, PDMS particles were encapsulated   FIG. 2. (a) Schematic of the separation principle. Droplets containing two different particle species are generated, and in the acoustic standing wave-field, the two particle species are separated based on the acoustic contrast. In the droplet splitter, the polystyrene particles, focused in the center of the droplets, are directed into the center daughter droplet, while the PDMS particles, focused to the sides of the droplets, are directed into the side daughter droplets. 
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Fornell et al. Appl. Phys. Lett. 112, 063701 (2018) instead. Without the ultrasound, the PDMS particles were positioned in the entire droplet [ Fig. 4(c) ], and when the ultrasound was applied at the fundamental resonance frequency, the PDMS particles were moved towards the sides of the droplet [ Fig. 4(d) ]. As seen in Fig. 4(d) , both the smaller and larger PDMS particles could be moved by the ultrasound. In the supplementary material, a video of the movement of the PDMS particles in response to the onset of the ultrasound is available. As seen in Fig. 4(d) and in the video, when the PDMS particles have moved to the sides of the droplet, the PDMS particles are difficult to see due to the dark ring around the droplet. This dark ring arises as a result of the different refractive indices of water and olive oil. 32 In the third experiment, a mixture of polystyrene particles and PDMS particles was encapsulated inside the droplets. Without the ultrasound, both particles species were positioned in the entire droplet [ Fig. 4(e) ], and when the ultrasound was applied at the fundamental resonance frequency, the polystyrene particles were focused to the center of the droplet, whereas the PDMS particles were moved towards the sides of the droplet [ Fig. 4(f) ]. This set of experiments demonstrates that particles encapsulated inside droplets can be moved to the pressure nodes or anti-nodes depending on the acoustic contrast of the particles.
To explore the technology for isolation of two particle species originally encapsulated in the same droplet, a trifurcation droplet splitter was implemented. Droplets containing a mixture of polystyrene particles and PDMS particles were generated, and at the trifurcation, each droplet was divided into three daughter droplets. Without the ultrasound, the polystyrene particles and the PDMS particles were visually found in all three daughter droplets [ Fig. 5(a) ], and when the ultrasound was applied at the fundamental resonance frequency, the polystyrene particles were focused in the center of the droplet and directed into the center daughter droplet, while the PDMS particles were directed into the side daughter droplets [ Fig. 5(b) ]. In the supplementary material, a video of the droplet splitting and particle separation is available.
These results demonstrate that acoustophoresis is a suitable technology for binary particle separation in droplet microfluidic systems. During operation of the system, internal fluid motions and vortices were observed in the droplets both with and without the ultrasound applied, 33, 34 and in order to focus the particles, the acoustic force needs to be stronger than the hydrodynamic force. Overcoming the hydrodynamic force is one of the main challenges in almost all applications where particles are manipulated inside FIG. 4 . Without the ultrasound applied, the polystyrene particles (a), PDMS particles (c), and a mixture of these (e) are all positioned throughout the entire droplets. With the ultrasound applied, the polystyrene particles are moved to the center (b), the PDMS particles are moved to the sides (d), and with a mixture of the two particle species, the polystyrene particles are moved to the center, while the PDMS particles are moved to the sides (f). The direction of flow is towards the right in the images.
FIG. 5.
A mixture of polystyrene particles and PDMS particles is encapsulated, and in the droplet splitter, each droplet is divided into three daughter droplets. Without the ultrasound applied, the two particle species are mixed in both the center and the side daughter droplets (a), while with the ultrasound applied, the polystyrene particles are directed into the center daughter droplet and the PDMS particles are directed into the side daughter droplets. The direction of flow is towards the right in the images. droplets using external forces and may limit the throughput of the system. Compared with other particle manipulation methods, the presented method has the advantage of being label-free and generic as the only requirement is that the particles that are to be separated have different acoustic contrasts. Future work includes surface-functionalizing the particles to bind specific cells and biomolecules and combining the acoustic separation unit with other droplet unitoperators to be able to perform complex assays in droplets.
See supplementary material for a video of the movement of the PDMS particles in response to the onset of the ultrasound and a video showing droplet splitting and particle separation.
